The Integrator complex cleaves nascent
mRNASs to attenuate transcription
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Cellular homeostasis requires transcriptional outputs to be coordinated, and many events post-transcription initi-
ation can dictate the levels and functions of mature transcripts. To systematically identify regulators of inducible
gene expression, we performed high-throughput RNAi screening of the Drosophila Metallothionein A (MtnA)
promoter. This revealed that the Integrator complex, which has a well-established role in 3’ end processing of small
nuclear RNAs (snRNAs), attenuates MtnA transcription during copper stress. Integrator complex subunit 11
(IntS11) endonucleolytically cleaves MtnA transcripts, resulting in premature transcription termination and deg-
radation of the nascent RN As by the RNA exosome, a complex also identified in the screen. Using RNA-seq, we then
identified >400 additional Drosophila protein-coding genes whose expression increases upon Integrator depletion.
We focused on a subset of these genes and confirmed that Integrator is bound to their 5’ ends and negatively regulates
their transcription via IntS11 endonuclease activity. Many noncatalytic Integrator subunits, which are largely
dispensable for snRNA processing, also have regulatory roles at these protein-coding genes, possibly by controlling
Integrator recruitment or RNA polymerase I dynamics. Altogether, our results suggest that attenuation via Inte-

grator cleavage limits production of many full-length mRNAs, allowing precise control of transcription outputs.
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In response to physiological cues, environmental stress, or
exposure to pathogens, specific transcriptional programs
are induced (for review, see Vihervaara et al. 2018). These
responses are often coordinated, rapid, and robust, in part
because many metazoan genes are maintained in a poised
state with RNA polymerase II (RNAPII) engaged prior to
induction (for review, see Mayer et al. 2017; Core and
Adelman 2019). In addition to promoter-proximal paus-
ing, there are many regulatory steps post transcription
initiation that dictate the characteristics and fate of ma-
ture transcripts. For example, alternative splicing and/or
3’ end processing events can lead to the production of mul-
tiple isoforms from a single locus, and these transcripts
can have distinct stabilities, translation potential, or sub-
cellular localization (for review, see Braunschweig et al.
2013; Tian and Manley 2017).

It is particularly important that genes produce full-
length functional mRNAs and mechanisms such as
telescripting, involving Ul snRNP, actively suppress
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premature cleavage and polyadenylation events in eu-
karyotic cells (Kaida et al. 2010; Berg et al. 2012; Venters
et al. 2019). Nevertheless, many promoters are known to
generate short unstable RNAs (Kapranov et al. 2007; Xu
et al. 2009; Porrua and Libri 2015). This suggests that pre-
mature transcription termination may often occur, there-
by limiting RNAPII elongation and production of full-
length mRNAs (for review, see Kamieniarz-Gdula and
Proudfoot 2019). Moreover, this process can be regulated
(Brannan et al. 2012; Wagschal et al. 2012; Chalamcharla
et al. 2015; Chiu et al. 2018). For example, it was recently
shown that the cleavage and polyadenylation factor
PCF11 stimulates premature termination to attenuate
the expression of many transcriptional regulators in hu-
man cells (Kamieniarz-Gdula et al. 2019). Potentially del-
eterious truncated transcripts generated by premature
termination are often removed from cells by RNA surveil-
lance mechanisms, including by the RNA exosome (for
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review, see Zinder and Lima 2017; Kamieniarz-Gdula and
Proudfoot 2019). However, the full repertoire of cellular
factors and cofactors that control the metabolic fate of
nascent RNAs, especially during the early stages of tran-
scription elongation, is still unknown.

We thus performed an unbiased genome-scale RNAi
screen in Drosophila cells to reveal factors that control
the output of a model inducible eukaryotic promoter.
Transcription of Drosophila Metallothionein A (MtnA),
which encodes a metal chelator, is rapidly induced when
the intracellular concentration of heavy metals (e.g., cop-
per or cadmium) is increased (Fig. 1A, for review, see Gun-

ther et al. 2012). This increase in transcriptional output is
dependent on the MTF-1 transcription factor, which
relocalizes to the nucleus upon metal stress and binds to
the MtnA promoter (Smirnova et al. 2000). Our RNAi
screen identified MTF-1 and other known regulators of
MtnA transcription (Marr et al. 2006), but also surpris-
ingly identified the Integrator complex as a potent inhibi-
tor of MtnA during copper stress. Integrator harbors an
endonuclease that cleaves snRNAs and enhancer RNAs
(Baillat et al. 2005; Lai et al. 2015), and we find that Inte-
grator can likewise cleave nascent MtnA transcripts
to limit mRNA production. Using RNA-seq, we find
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Figure 1. The Integrator complex inhibits expression from the MtnA promoter during copper stress. (4, top) Upon metal stress, the tran-
scription factor MTE-1 binds and induces transcription from the MtnA promoter, resulting in production of a protein that sequesters the
excess metals to alleviate the stress. (Bottom) Drosophila DL1 cells were treated with 500 uM copper sulfate (CuSQO,) for the indicated
times, and RT-qPCR was used to measure endogenous MtnA mRNA expression. Data from three independent experiments were normal-
ized to RpL32 mRNA expression and are shown as mean = SD, (*) P <0.05. (B) RNAi screen pipeline using DL1 cells stably maintaining an
eGFP reporter driven by the MtnA promoter. The self-cleaving hammerhead ribozyme (HhRz) (Dower et al. 2004) generates the eGFP
mRNA 3’ end, which is then stabilized by the MALAT1 triple helix structure (Wilusz et al. 2012). (C) Robust Z-scores of eGFP integrated
intensity are shown. RNAi treatments that resulted in increased (Z-score >1.3, dark green) or decreased (Z-score < —1.3, light green) e GFP
expression are marked, including Integrator subunits (orange), transcription regulators (blue), and RNA exosome components (purple).
(D) Gene ontology (GO) analysis was performed to identify categories of genes that are enriched among the negative (Z-score >1.3) and
positive (Z-score <—1.3) regulators of the eGFP reporter. (E) DL1 cells were treated with dsRNAs for 3 d to induce RNAi and depletion
of the indicated factors. Expression of endogenous MtnA mRNA (after 14 h CuSO, treatment) was quantified by RT-qPCR, and read-
through transcription downstream from the U4:39B snRNA was quantified by northern blotting. Data are shown as mean = SD, N> 3.
(*) P<0.05. (F) Representative northern blot of endogenous MtnA mRNA isolated from DL1 cells treated with dsRNA to induce RNAi
of the indicated factor.
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hundreds of additional Drosophila protein-coding genes
whose expression increases upon Integrator depletion. Fo-
cused studies on a subset of these genes confirmed that In-
tegrator can cleave these nascent RNAs, thereby limiting
productive transcription elongation. Altogether, we pro-
pose that Integrator-catalyzed premature termination
can function as a widespread and potent mechanism to at-
tenuate expression of protein-coding genes.

Results

Genome-scale RNAi screening reveals the Integrator
complex as a potent inhibitor of the MtnA promoter
during copper stress

To identify regulators of an archetype inducible transcrip-
tion program, the Drosophila MtnA promoter was cloned
upstream of an intronless, non-polyadenylated eGFP re-
porter (Fig. 1B). Maturation of this mRNA is independent
of many canonical mRNA processing events, and we thus
reasoned that high-throughput RNAi screening using this
reporter should primarily identify transcriptional and
translational regulators. Drosophila DL1 cells stably
maintaining the reporter were treated with double-strand-
ed RNAs (dsRNAs) for 3 d and copper was added for the
final 6 h to activate the MtnA promoter and eGFP expres-
sion (Fig. 1B). Automated microscopy and image analysis
was then used to quantify eGFP fluorescence. A total of
232 factors were required for eGFP expression during
copper stress, including ribosomal subunits and well-char-
acterized transcriptional regulators such as RN APII, Medi-
ator subunits (e.g., MED9 and MEDI15), and the MTF-1
transcription factor (Fig. 1C,D; Supplemental Table S1;
Marr et al. 2006; Gunther et al. 2012). Unexpectedly, near-
ly all 14 subunits of the Integrator (Int) complex (for re-
view, see Baillat and Wagner 2015) were among the most
potent negative regulators identified (Fig. 1C,D). Of the
>10,000 genes screened, depletion of the IntS8 subunit re-
sulted in the largest increase in eGFP expression.

RT-qPCR and western blotting confirmed that the
dsRNAs resulted in depletion of the Integrator subunits
(Supplemental Fig. S1) and increases in eGFP reporter ex-
pression at both the protein (Supplemental Fig. S2A-C)
and mRNA levels (Supplemental Fig. S2D,E). These in-
creases in expression upon Integrator depletion were ob-
served regardless of the ORF downstream from the MtnA
promoter, as we also observed an increase when eGFP
was replaced with nano-Luciferase (Supplemental Fig.
S2F). Likewise, the increases in expression were not depen-
dent on the mRNA 3’ end processing signals downstream
from the OREF, as similar increases were observed when a
canonical polyadenylation signal was present (Supple-
mental Fig. S2A-C).

The Integrator complex is present at the endogenous
MtnA locus during copper stress and represses MtnA
pre-mRNA levels

The Integrator complex has been implicated in a myriad of
diseases, interacts with RNAPII, and contains the IntS11

Integrator cleavage attenuates transcription

RNA endonuclease that generates the 3’ ends of spliceoso-
mal snRNAs (Baillat et al. 2005; Baillat and Wagner 2015).
We confirmed that depleting subunits of the Integrator
cleavage module (IntS4, IntS9, or IntS11) resulted in in-
creased snRNA readthrough transcription (Fig. 1E; Sup-
plemental Fig. S3A; Ezzeddine et al. 2011; Albrecht et al.
2018). Nevertheless, because mature snRNAs have long
half-lives (Fury and Zieve 1996), their levels only margin-
ally decreased over the 72 h time course of the experiment
(Supplemental Fig. S3B).

Integrator has also been implicated in transcription reg-
ulation at enhancers and at a subset of EGF-responsive
mRNAs (Gardini et al. 2014, Lai et al. 2015), so we hypoth-
esized that the Integrator complex could be directly acting
at the MtnA promoter. Indeed, depletion of Integrator sub-
units resulted in increased expression of the endogenous
MtnA mRNA (Fig. 1E,F; Supplemental Fig. S3C) and pre-
mRNA (Fig. 2A) to a similar extent during copper stress.
Transcription of the MtnA locus is also induced by cadmi-
um stress (Fig. 2B), but we found that depletion of Integra-
tor subunits strikingly had no effect on MtnA pre-mRNA
levels under these conditions (Fig. 2C). This indicates that
the Integrator complex can regulate the output of a pro-
tein-coding gene in a context-specific manner.

To explore the underlying basis for this distinct regula-
tion of MtnA expression, we used chromatin immunopre-
cipitation (ChIP)-qPCR to examine the recruitment of
Integrator subunits to the MtnA locus upon copper or cad-
mium stress. We found that IntS1 and IntS12 were recruit-
ed to the endogenous MtnA locus upon copper stress
(especially to the 5’ end), but their recruitment was sig-
nificantly less robust during cadmium stress (Fig. 2D).
These results suggest that Integrator-mediated repres-
sion of MtnA during copper stress is due to Integrator re-
cruitment to the chromatin eliciting direct effects on
transcription.

The IntS11 endonuclease activity is required for
Integrator-dependent regulation of MtnA expression

To define how Integrator functions at MtnA during copper
stress, we first addressed whether the RNA endonuclease
activity of IntS11 is required. The endogenous IntS11 pro-
tein was depleted using a dsRNA targeting either the
IntS11 ORF or 3’ untranslated region (UTR) (Fig. 3A),
and this resulted in increased expression of endogenous
MtnA mRNA relative to treatment with a control dsSRNA
(Fig. 3B, lanes 1-3). Expression of a wild-type (WT) IntS11
transgene (Fig. 3A) in cells treated with the IntS11 3’ UTR
dsRNA restored MtnA expression to levels similar to con-
trol treated cells (Fig. 3B, lane 4 vs. 6), whereas expression
of a catalytically dead (E203Q) (Baillat et al. 2005) IntS11
transgene did not (Fig. 3B, lane 7 vs. 9). As a control, we
confirmed that increased MtnA expression was observed
when cells were treated with a dsRNA targeting the
IntS11 OREF (Fig. 3B, lanes 5, 8), which depletes both en-
dogenous and exogenously expressed IntS11 (Fig. 3A).
This requirement for IntS11 endonuclease activity was
also observed with the eGFP reporter driven by the
MtnA promoter (Supplemental Fig. S4). Given that the
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Figure 2. The Integrator complex is present at the MtnA locus during copper stress and attenuates MtnA transcription. (A) DL1 cells
were treated with dsRNAs for 3 d to induce RNAi and depletion of the indicated factors. A total of 500 tM CuSO,4 was added for the
last 14 h. RT-qPCR was then used to measure the pre-mRNA levels of endogenous RpL32, DCP2, and MtnA. Primer pairs that span
an intron-exon boundary were used to specifically amplify pre-mRNAs. Data were normalized to RpL32 mRNA expression and are shown
asmean=SD, N=3.(*) P<0.05. (B)DLI cells were unstressed (-) or treated with 500 pM CuSQO,4 or 50 pM CdCl, for 14 h, and RT-qPCR was
then used to measure MtnA pre-mRNA levels. Data were normalized to RpL32 mRNA expression and are shown as mean = SD, N=3. (*) P
<0.05. (C) DL1 cells were treated with dsRNAs for 3 d and 500 uM CuSO, or 50 uM CdCl, was added for the final 14 h, as indicated. RT-
qPCR was then used to measure MtnA pre-mRNA levels. Data were normalized to RpL32 mRNA expression and are shown as mean + SD,
N=3.(*) P<0.05. (D) The MtnA locus with the locations of ChIP amplicons. Recruitment of IntS1 and IntS12 in unstressed cells (gray) or
after the cells had been treated with CuSOy (blue) or CdCl, (green) for 14 h was measured using ChIP-qPCR. Data are shown as fold change
relative to the IgG control (mean + SD, N=3). (*) P<0.05.

E203Q mutation does not disrupt Integrator complex in- output from the MtnA promoter during copper stress
tegrity (Baillat et al. 2005), these collective results indi- (Fig. 3E; Supplemental Fig. S5C,D). We thus hypothesized
cate that the IntS11 endonuclease activity is required for that Integrator may cleave nascent MtnA transcripts to
Integrator to negatively regulate the transcriptional out- prematurely terminate RNAPII transcription (as Integra-
put of the MtnA promoter. tor is enriched near the 5’ end of the MtnA genomic locus

during copper stress) (Fig. 2D) and that these cleaved tran-

ipt targeted f id degradation by the RNA exo-
The Integrator complex cleaves nascent MtnA mRNAs scripts are targeted for rapid degradation by the RNA exo

to trigger transcription termination some (Fig. 3F).

To test this model, we first treated cells with dsRNAs
By immunoprecipitating Integrator subunits followed by to deplete the exosome-associated RNA helicase Mtr4
immunoblotting (Fig. 3C) or mass spectrometry (Fig. (Lubas et al. 2011). This resulted in a reduction in full-
3D), we found that Integrator interacts with the nuclear length endogenous MtnA mRNA expression (Fig. 3E;
RNA exosome, which catalyzes 3’5’ degradation of Supplemental Fig. S5E) and, concomitantly, a number of
many RNAs (for review, see Zinder and Lima 2017). Inter- small RNAs were detected from the MtnA locus, includ-
estingly, our genome-scale RNAi screen identified many ing prominent transcripts with lengths of ~85 and ~110
RNA exosome core components and cofactors (including nt (RN As marked in orange) (Fig. 4A, lane 4). These small
Rrp40 and Mtr4) as positive regulators of the MtnA pro- RNAs were dependent on the MTF-1 transcription factor
moter during copper stress (Fig. 1C,D). This suggests an (Fig. 4A, lane 6) and capped at their 5" ends, as they could
interplay between the RNA exosome and Integrator com- be degraded by a 5 phosphate-dependent exonuclease
plex and that the RNA exosome may also function in con- only after treatment with Cap-Clip Acid Pyrophophatase,
trolling MtnA transcriptional output. We confirmed that which hydrolyzes cap structures to generate 5 monophos-
RNA exosome core components and cofactors were effi- phate groups (Supplemental Fig. S6A). Northern blots us-
ciently depleted by RNAi (Supplemental Fig. S5A), and ing multiple probes further indicated that the small RNAs
that this resulted in the expected ribosomal RNA process- have the same TSS as MtnA mRNA (Supplemental Fig.
ing defects (Supplemental Fig. S5B) as well as decreased S6B) and ligation-mediated 3’ RACE revealed that these
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Figure 3. The IntS11 endonuclease activity and the RNA exosome regulate MtnA transcript levels. (A, top) Schematic of IntS11 knock-
down/plasmid rescue strategy. The ORF dsRNA (red) depletes IntS11 generated from both the endogenous locus and transgenes that are
driven by the ubiquitin-63E promoter (pUbi-p63E), while the UTR dsRNA (blue) only depletes endogenous IntS11. (Bottom) DL1 cells
(lanes 1-3) or DL1 cells stably maintaining Flag-tagged wild-type (WT; lanes 4-6) or catalytically dead (E203Q; lanes 7-9) IntS11 transgenes
were treated with the indicated dsRNAs for 3 d. Western blot analysis was then used to examine IntS11 protein levels. dlgl was used as a
loading control. Representative blots are shown. (B) Representative northern blot of the endogenous MtnA mRNA in DL1 cells stably
maintaining IntS11 transgenes that had been treated with the indicated dsRNAs and CuSQOy,. Expression was quantified using ImageQuant
and data are shown as mean+SD, N=3. (*] P<0.05. (C) Western blot analysis of S2 nuclear extracts that were subjected to purification
using Flag affinity resin. (Left panel) Western blots showing input levels of the denoted proteins in nuclear extracts derived from naive
S2 cells, S2 cells stably expressing Flag-IntS1, or S2 cells stably expressing Flag-IntS5. (Right panel) same as left panel except that Flag im-
munoprecipitates were probed. (D) Heat map showing the relative enrichment of RNA exosome components within Flag-Integrator sub-
unit purifications as determined by mass spectrometry. Normalized spectral abundance factor (NSAF) values were quantified as
previously described (Zybailov et al. 2006), and fold-enrichment of each RNA exosome subunit in Integrator purifications relative to pu-
rification from naive extract is given. (E) DL1 cells were treated with dsRNAs for 3 d to induce RN Ai and depletion of the indicated factors.
CuSO,4 was added for the last 6 h. Northern blots were then used to quantify expression of endogenous MtnA mRNA and data are shown as
mean = SD, N=3. (*) P<0.05. (F) Model for Integrator-dependent premature termination. After cleavage of the nascent MtnA transcript by
IntS11, the small RNAs are degraded by the RNA exosome.

small RNAs had detectable 3’ oligoadenylation, a mark endogenous IntS11 protein had been depleted by RNAIi

known to facilitate RNA degradation by the RNA exo- (Fig. 4B, lane 4), reexpression of a wild-type (WT) IntS11
some (Supplemental Fig. S6C,D; Supplemental Table S2; transgene restored expression of the MtnA small RNAs
LaCava et al. 2005) (Fig. 4B, lane 8), whereas expression of a catalytically
We next codepleted Mtr4 and Integrator subunits and dead (E203Q) (Baillat et al. 2005) IntS11 transgene did
observed that these small RNAs were completely elimi- not (Fig. 4B, lane 12; Supplemental Fig. S7).
nated and that full-length MtnA mRNA expression was Together, the data in Figures 1-4 support a model
restored (Fig. 4A, lanes 8,10,12; Supplemental Fig. S5E). in which the Integrator complex is recruited to the active
This suggests that generation of the small RN As is depen- MtnA locus during copper stress to cleave nascent RNAs,
dent on Integrator. In support of this, in cells in which the thereby facilitating premature termination (Fig. 3F).
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Figure 4. The Integrator complex cleaves nascent MtnA RNAs to catalyze premature transcription termination. (A) Northern blotting
was used to analyze RNAs generated from the endogenous MtnA locus in DL1 cells treated with the indicated dSRNAs and CuSQ,. Full-
length MtnA mRNA (black arrow) and Integrator-dependent small RNAs (orange) are indicated. (B) Parental DL1 cells (lanes 1-4) or DL1
cells stably expressing WT (lanes 5-8) or catalytically inactive (lanes 9-12) IntS11 transgenes were treated with the indicated dsSRNAs and

CuSO,. Northern blotting was then performed as in A.

This role for Integrator at MtnA is mechanistically related
to its function at snRNA genes, where Integrator both
cleaves the nascent snRNA and promotes RNAPII termi-
nation/recycling. Rather than Integrator attaining a novel
function at protein-coding genes (Gardini et al. 2014; Sta-
delmayer et al. 2014; Skaar et al. 2015), our data show that
the Integrator endonuclease activity has been “repur-
posed” at the MtnA gene. Once generated, the premature-
ly terminated small RNAs are actively targeted for 3'-5'
degradation by the nuclear RNA exosome, at least in
part due to 3’ oligoadenylation. Degradation of these small
RNAs appears to be critical for enabling subsequent
rounds of MtnA transcription, as the output of the
MtnA promoter is reduced when the RNA exosome is
depleted from cells (Figs. 1C, 3E). The requirement of
the RNA exosome for MtnA transcription is, however,
abrogated when Intergator is depleted or catalytically
inactive. These results indicate a potential epistastic
relationship in which Integrator cleaves nascent RNAs
that must be subsequently degraded to allow production
of more full-length mRNA transcripts in copper stressed
cells.
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Many Drosophila protein-coding genes are controlled
by the Integrator complex

As Integrator-dependent termination events potently at-
tenuate transcription from the MtnA promoter during
copper stress, we next asked whether additional protein-
coding genes are similarly regulated. IntS9, which forms
a heterodimer with IntS11 and is essential for its endonu-
clease activity (Wu et al. 2017), was depleted from DL1
cells for 3 d and copper was added for the final 14 h. Using
RNA-seq, we identified 409 and 49 genes that were up-
and down-regulated, respectively, upon IntS9 depletion
(fold change >1.5 and P <0.001) (Fig. 5A; Supplemental Ta-
ble S3). The set of up-regulated mRNAs was enriched in
genes that respond to stimuli as well as gene ontology cat-
egories related to cell migration, proliferation, and cell-
fate specification (Supplemental Fig. S8). In contrast, no
gene ontology categories were enriched in the set of
down-regulated mRNAs.

To validate the RNA-seq results, seven mRNAs that
had differing magnitudes of fold change upon IntS9 deple-
tion were selected for further analysis (genes marked in


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.330167.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.330167.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.330167.119/-/DC1

Integrator cleavage attenuates transcription

-250 -
10 ® Up-regulated (409) ° 128 RNA seq (14h Cu)

® Down-regulated (49) "g’;-& 64 no metal stress
F4
e Unchanged (10,530) 8 2
Sa 16
h-X7}
SE 8
10°200 S5 .
€5
[ 2
1
- = o o ~ ] o <
5 £ 8§ 2 § & E &
o & 8 © 9 8 =
10150 a o o o
3 .
@ C
= [ ] —
T ° [ o r-r N ® Y
® L E02233880830000a0
RNAi:
a ° G LLLLLLLLLLRLLLL
100 OoEfEEsEcEcEcececEEcEcEE
10 ° ° o Pepck1 Pepck1
Hml Hml
.
) CG8620
° (X ) Sirup
o o8 . | |
° €G2247
-50 ° % i
10 (] W, o
cegeoe o, of pst
® o 0 o [ CG6770
o MtnA
[ Pe— o . U4 readthrough
10
i i MtnA, CG6770, pst
L A T
-5 0 5 10 row min row max
Fold change (log2) upon IntS9 RNAi
D Pepck1 Hml Sirup CG2247 pst DCP2
512
B 128
=
8 c
£2 2 B B ; SO
=9 3 Q .
; 2 (S * % ‘:'
z2g 8 (S AR
o o
011
0.5 T
SO BRSRD SHRBODB SHBSDD CHBOBD SHBoDD SHBODB
RNAi: EEECCE CEEEEE CTEECEE CSEEECEEE EEECEE CTEEEEE
6-—-6—-=- 6—-—-6-- 6-—-6—-=- 6-—-6—-=- 6—-—-06—-= o©6-—0--—
o [3) o o o o o o o o o o
< < < < < < < < < < < <
z z z z F4 F4 F4 F4 z z z z
4 [ 4 4 [4 [4 4 4 4 [ [ [
£ £ £ £ £ £ £ £ £ £ € €
e e e e e 4
s s s s s s
E
64 *
5 32 — . & M Control Serum
°c | * )
E 5 16 & . g . M Ints1
o
ES 8- Q @ M Ints12
s8 Q o) - * o
S s 4 — * * A
€< * o * (0
o 9 R Q 0¥
T % 2 Q ) o
E “ & D@
148 ® % ® ® ] 0 Sl 2
0.5 —

9
Pepck1 Hml CG8620 Sirup CG2247 pst CG6770 DCP2 Intergenic

Figure 5. Integrator depletion results in up-regulation of many protein-coding genes. (A) DL1 cells were treated for 3 d with a control
(Bgal) dsRNA or a dsRNA to deplete IntS9, and CuSO,4 was added for the last 14 h. Total RNA was isolated, depleted of ribosomal
RNAs, and RNA-seq libraries prepared (three biological replicates per condition). The magnitude of change in mRNA expression com-
pared with statistical significance (P-value) is shown as a volcano plot. Threshold used to define IntS9-affected mRNAs was fold change
>1.5and P<0.001. (B) To verify the RNA-seq results (gray), DL1 cells were treated for 3 d with a control (Bgal) dsRNA or a dsRNA to deplete
IntS9 with or without CuSO, added for the last 14 h (light blue and dark blue, respectively). RT-qPCR was then used to quantify changes in
mRNA expression levels. Data were normalized to RpL32 mRNA expression and are shown as mean + SD compared with treatment with a
control dsRNA, N> 3. (*) P<0.05. (C) DLI cells were treated with dsRNA to induce RNAI of the indicated factor, and RT-qPCR was then
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ern blotting was used to quantify readthrough transcription downstream from the U4:39B snRNA as described in Figure 1E. Data are sum-
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treatment with a control (fgal) dsSRNA. Individual RT-qPCR data points are provided in Supplemental Figure S9. (D) RT-qPCR was used to
measure the mRNA and pre-mRNA levels of the indicated transcripts. Data were normalized to RpL32 mRNA expression and are shown
as mean = SD, N> 3. (*) P<0.05. (E) ChIP-qPCR was used to measure IntS1 and IntS12 occupancy at the indicated promoter regions. Data
are shown as fold change relative to the IgG control serum (mean = SD, N=3). (*) P<0.05.
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orange in Fig. 5A). Among these genes, five contain in-
trons and two are intronless (CG8620 and CG6770).
RT-qPCR confirmed that expression of all seven of these
mRNAs increased upon IntS9 depletion regardless of
whether the cells were subjected to metal stress (Fig.
5B). Therefore, we did not induce metal stress in subse-
quent experiments. Upon depleting each Integrator sub-
unit individually, we noted that expression of these
mRNAs was often most affected by depletion of IntS4,
which forms the scaffold of the Integrator cleavage mod-
ule (Fig. 5C; Supplemental Fig. S9; Albrecht et al. 2018).
Moreover, analogous to our prior results with MtnA
(Fig. 1E), depletion of many non-catalytic Integrator sub-
units (notably IntS1, IntS2, IntS5, IntS6, IntS7, and
IntS8) also caused large increases in the expression of
these mRNAs (Fig. 5C; Supplemental Fig. S9).

The Integrator complex cleaves many nascent mRNAs
to trigger transcription termination

To determine whether Integrator controls the outputs of
these protein-coding genes transcriptionally or post-tran-
scriptionally, we measured pre-mRNA levels from the in-
tron-containing genes. Expression of these pre-mRNAs
increased upon depletion of Integrator subunits, and the
observed fold changes are similar to the increases in ma-
ture mRNA levels (Fig. 5D). These results mirror our find-
ings at MtnA (Fig. 2A) and strongly suggest that the
observed increases in mature transcript levels are due to
transcriptional control by Integrator, and not due to indi-
rect effects of Integrator functioning in snRNA processing
(Supplemental Fig. S3A,B). Moreover, ChIP-qPCR con-
firmed that multiple Integrator subunits are recruited to
the 5’ ends of these gene loci (Fig. 5E). As an additional
control, we monitored the DCP2 locus and observed min-
imal Integrator binding to the gene (Fig. 5E) as well as no
change in DCP2 pre-mRNA or mRNA levels upon Inte-
grator depletion (Fig. 5D).

To further confirm that Integrator regulation of these
genes was driven by their promoters, we cloned each of
these regions (along with a portion of the 5 UTRs) up-
stream of an eGFP reporter (Fig. 6A). Indeed, the expres-
sion of eGFP mRNA driven from each of the examined
promoters was sensitive to the levels of Integrator sub-
units, including those in the Integrator cleavage module
(especially IntS4) as well as many of the non-catalytic sub-
units (Fig. 6A; Supplemental Fig. S10). Similar results
were obtained with the MtnA-driven eGFP reporter (Fig.
6A), whereas a reporter plasmid that monitors Integrator
activity downstream from an snRNA (Chen et al. 2013)
displayed a distinct sensitivity pattern (Fig. 6B). For exam-
ple, IntS6 depletion caused up-regulation of the output
from all the Integrator regulated protein-coding gene pro-
moters (Fig. 6A), but had minimal effect on the U4:39B
snRNA readthrough reporter (Fig. 6B; Supplemental Fig.
S10). As an additional control, we confirmed that expres-
sion of an eGFP reporter driven by the ubiquitin-63E
(Ubi-p63e) promoter did not increase upon depletion of
any of the Integrator subunits (Fig. 6A; Supplemental
Fig. S10). This is consistent with the RNA-seq results

1532 GENES & DEVELOPMENT

eGFP
A probe

Indicated Promoter eGFP ORF AAUAAA

RNAi:
Pepck1 .. .'....' .'
Hml IR TTI IR
€G8620 A0 Bk s
R LAY TTT LR LA
DR RRARAE b
CG6770 a@n..g'....'.ﬁg‘ﬂﬁ
moa - OSOO0000 08

Ubi-p63E | g

Mock

pst

Promoter + 5' UTR sequence

eGFP

Mock

U4:39B 1 .. @ .. '

readthrough

Figure 6. e¢GFP reporter genes driven by the exemplar promoters
are regulated by Integrator. (A) The promoter and 5 UTR of each
of the indicated protein-coding genes was cloned upstream of an
eGFP reporter. The plasmids were then individually transfected
into DLI cells that had been treated with the indicated dsRNAs.
CuSO,4 was added for the last 14 h only when measuring eGFP
production from the MtnA promoter. Northern blots were used
to quantify expression of each e GFP reporter mRNA. Representa-
tive blots are shown. Loading controls and quantification are pro-
vided in Supplemental Figure S10. (B) DL1 cells were treated with
the indicated dsRNAs and then transfected with a reporter plas-
mid that produces eGFP when the encoded U4:39B snRNA fails
to be properly processed at its 3’ end. Northern blots were used
to quantify eGFP mRNA expression that is a result of U4:39B
readthrough. A representative blot is shown. Loading controls
and quantification are provided in Supplemental Figure S10.

that showed endogenous Ubi-p63e mRNA levels do
not change upon Integrator depletion (Supplemental
Table S3).

Next, we tested whether Integrator catalyzes prema-
ture transcription termination at these genes in a manner
analogous to how it controls MtnA. We first investigated
whether the IntS11 endonuclease activity is required.
Depletion of the endogenous IntS11 protein using a
dsRNA targeting the IntS11 3’ UTR (Fig. 3A) resulted in
increased expression of each of the examined Integrator-
dependent mRNAs (Fig. 7A). Expression of a wild-type
(WT) IntS11 transgene restored mRNA expression to


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.330167.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.330167.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.330167.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.330167.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.330167.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.330167.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.330167.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.330167.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.330167.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.330167.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.330167.119/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.330167.119/-/DC1

Integrator cleavage attenuates transcription

A CG6770 pst B 3 b 3 3 3

_ E - E - E - E - E

5 * 8 . S ¥ £,z g s % s %

— RNA: ETE STE SI I cT: £EXE

2.4 . ? §=6 S8 Ss& §£2 S22 828
x o — x o - s L
E% s Ed ‘ - '

[ [ "
25 25 4 * “— ;
Bx 2 B X — ; — —
© © o @ @

['4 & 74 2 |
1 @ @ -
2 200- |
200- 200-
nts11 . . E g Ints11 . . E g 150-
transgene: < transgene: S 150 - 150 - 150 -
w w
RNAi: RNAi: R i
IntS11 UTR IntS11 UTR 1:: 100 - 100- ¢ I 100- 100-
90 - 90- : 90-
so- I | . 20
CG2247 Sirup 7 80- 80- 80- A
- 70 - - |
5 n.s. . ' 70 | 70- ; | 70 $ |
—_— 60 - 60 - § ~ % : i
% g 4 = ; % g 10 Z 60 60- 60
[ [=l7] 50 - 50 - 50- 50-
3 -
g8 g * 45° 45 - 45- » 45-
Eg 2 g 5 - 4
g ° g o ? 40- 40 - 20- . ‘0-
11©@ %) 35- 35 - 35- 35-
® 35- i |
@ 30- 30 - 30- % 30-
Ints11 . . E g nts11 . o E g 25 - 25- 25-
transgene: S transgene: S 25- s 25-
w w
- - CG6770 pst CG2247 Sirup CG8620
RNAi: RNAi:
IntS11 UTR Ints11 UTR probe probe probe probe probe
tRNA: .
vald:70BCh W= B -- - -t
CG8620
n.s c
* . . .
25 — Initiation Productive elongation
252
£ 8 -
o8 15
Z5
=] - coe
T30 o
14
s 2 N ¥ RNA
< = Integrator cleavage MXOSOme
st . - 2§ Termination —_— AAA")
transgene: <] .~
8 75
it
Short RNAs Targeted
RNAi: :
IntS11 UTR are released for degradation

Figure 7. The Integrator complex cleaves many nascent mRNAs to catalyze premature transcription termination. (A) Parental DL1 cells
(denoted —) or DL1 cells stably expressing WT or catalytically inactive (E203Q) IntS11 transgenes were treated with a dsSRNA to the IntS11
3' UTR, thereby depleting endogenous IntS11 but not IntS11 made from the transgenes. RT-qPCR was then used to quantify expression of
the indicated mRNAs. Data were normalized to RpL32 mRNA expression and are shown as mean + SD, N=3. (*) P<0.05. (B) DL1 cells
were treated with dsRNAs for 3 d to induce RNAi and depletion of the indicated factors. Northern blotting using 50 pg of total RNA
was then used to analyze transcripts from the 5" ends of the indicated protein-coding loci. Integrator-dependent small RNAs (orange)
and full-length mRNAs (black arrows) are noted. Representative blots are shown. (C) Schematic of a protein-coding locus, highlighting
the presence of Integrator (Int, orange) and possible fates of RNAPII (blue). After transcription initiation, RNAPII can transition into pro-
ductive elongation to generate the mature mRNA. Alternatively, Integrator can cleave the nascent RNA, thereby enabling transcription
termination and degradation of the short RNA by the nuclear RNA exosome (purple).

levels similar to control treated cells, whereas the catalyt-
ically dead IntS11 E203Q mutant did not (Fig. 7A). The
IntS11 endonuclease activity is thus indeed required for
regulation of each of these genes and, notably, the pres-
ence of the E203Q mutant protein exacerbated the chang-
es in expression of the CG6770, pst, and Sirup mRNAs,
potentially indicative of a dominant negative effect.
Northern blots were then used to detect premature ter-
mination products from each of the Integrator-regulated
genes (Fig. 7B). Given that the MtnA cleavage products
are rapidly degraded by the RNA exosome (Fig. 4), we rea-
soned that small RNAs generated from other loci would

likewise be unstable. Depletion of the exosome-associat-
ed RNA helicase Mtr4 (Lubas et al. 2011) enabled small
RNAs to be detected from the 5" ends of the Integrator-
dependent genes, and these transcripts were lost upon
Integrator codepletion (RNAs marked in orange; Fig. 7B).
Interestingly, these small RNAs were of defined lengths
and often 50-110 nt, roughly mirroring the sizes of cleav-
age products observed at the MtnA locus (Fig. 4). We thus
conclude that the Integrator complex is recruited to a
number of protein-coding genes where it cleaves nascent
RNAs and facilitates premature transcription termina-
tion (Fig. 7C).
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Integrator cleavage of nascent mRNAs is likely
independent of a 3 box sequence

At snRNA gene loci, a conserved but relatively degenerate
sequence known as the 3’ box is located 9-19 nt down-
stream from the 3’ ends of mature snRNA transcripts
and is required for Integrator cleavage (Hernandez 1985;
Baillat and Wagner 2015). A similar 3’ box-like sequence
is not immediately recognizable within MtnA or the other
transcripts we studied in detail, and we thus introduced
deletions into the MtnA 5 UTR upstream of the eGFP re-
porter in an attempt to alter the cleavage product sizes
(Supplemental Fig. S11A). Notably, this analysis revealed
that Integrator-dependent small RNAs derived from the
MtnA promoter appear to be largely 70-90 nt in length, re-
gardless of the mRNA sequence (Supplemental Fig. S11B).
This suggests that Integrator may cleave nascent mRNAs
at a set distance from the TSS in a manner independent of
local DNA or RNA sequence content, perhaps at positions
of RNAPII pausing/stalling or nucleosomes (Chiu et al.
2018).

Discussion

Altogether, our data indicate that the Integrator complex
can attenuate the expression of protein-coding genes by
catalyzing premature transcription termination (Fig. 7C).
The IntS11 endonuclease cleaves a subset of nascent
mRNAs, which ultimately triggers degradation of the
transcripts by the RNA exosome along with RNAPII ter-
mination. We suggest that many protein-coding genes
are negatively regulated via this attenuation mechanism,
and the Drosophila MtnA promoter highlights context-
specific regulation by Intgerator. Transcription of MtnA
is induced by copper or cadmium stress, and yet we find
that Integrator is robustly recruited to the MtnA promoter
only under copper stress conditions (Fig. 2). This is not
because the Integrator complex is generally diassembled or
“poisoned” by cadmium, as Integrator continues to regu-
late the outputs of other protein-coding genes (Supple-
mental Fig. S12). We instead propose that context-
specific regulation of this locus may be related to the
fact that cadmium is a strictly toxic metal, while copper
is required for the function of a subset of enzymes and
must be maintained in a narrow concentration range (for
review, see Festa and Thiele 2011). Therefore, homeostat-
ic control of MtnA is required to maintain copper levels,
while cells need to maximally produce MtnA in the pres-
ence of cadmium. We thus propose that regulation of
MtnA levels by Integrator during copper stress is for
fine-tuning purposes, perhaps to limit maximal transcrip-
tional induction and/or facilitate transcriptional shut-off
once copper stress has passed. Our results suggest that
the Integrator complex can be recruited to gene loci only
when needed, thereby ensuring tight control over tran-
scriptional output.

In addition to cleaving MtnA transcripts, Integrator
cleaves multiple other RNA classes in metazoan cells, in-
cluding enhancer RNAs (Lai et al. 2015), snRNAs (Baillat
et al. 2005), telomerase RNA (Rubtsova et al. 2019), and
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some herpesvirus microRNA precursors (Cazalla et al.
2011; Xie et al. 2015). Using RNA-seq, we expanded this
list of Integrator target loci and identified hundreds of ad-
ditional protein-coding genes that are negatively regulated
by Integrator (Fig. 5). We focused on a set of Integrator-
dependent genes and found that Integrator catalyzes pre-
mature transcription termination of these genes (Figs. 6,
7), which is consistent with prior studies that suggested
roles for Integrator in termination (Skaar et al. 2015;
Shah et al. 2018; Gémez-Orte et al. 2019). Some of these
genes (CG8620, Pepckl, and Sirup) have promoter-proxi-
mal RNAPII that rapidly turns over (Shao and Zeitlinger
2017), which may indicate that Integrator can aid in clear-
ing paused or stalled RNAPII. Once Integrator has cleaved
the nascent mRNAs, we find that they are rapidly degrad-
ed from their 3’ ends by the RNA exosome (Fig. 7C). This
may be critical for enabling subsequent rounds of tran-
scription (especially at the MtnA locus), perhaps because
the small RNAs can form stable RNA-DNA hybrids
(R-loops) that block transcription initiation or elongation
(Belotserkovskii et al. 2017; Nojima et al. 2018; Crossley
et al. 2019).

Endonucleolytic cleavage is critical for Integrator regu-
lation at snRNA and protein-coding genes, but our data in-
dicate that these loci have different dependencies on
Integrator subunits. Our genetic studies indicate that Inte-
grator subunits 4, 9, and 11 (which form the Integrator
cleavage module) are most important for snRNA process-
ing, while the non-catalytic Integrator subunits (all of
which currently lack annotated molecular functions)
play minor roles (Figs. 1E, 6B). In contrast, large increases
in mRNA expression were observed when many of the
non-catalalytic subunits were depleted (especially IntS1,
IntS2, IntS5, IntS6, IntS7, and IntS8) (Figs. 1E, 5C, 6A).
IntS13 was recently shown to be able to function indepen-
dently from other Integrator subunits at enhancers (Bar-
bieri et al. 2018), suggesting the existence of submodules
or “specialized” complexes that may enable the activity
and function of Integrator to be distinctly regulated de-
pending on the gene locus and cellular state. Future
work will reveal the subunit requirements of Integrator
complexes at distinct loci and clarify the interplay be-
tween IntS11 endonuclease activity and other Integrator
subunits. For example, the non-catalytic subunits may
be critical for the formation and targeting of the complex
to specific loci and/or controlling RNAPII dynamics.

Finally, we note that the metazoan Integrator complex
has parallels with the yeast Nrd1-Nab3-Senl (NNS) com-
plex that (1) terminates transcription at both mRNA and
snRNA loci and (2) interacts with the RNA exosome (for
review, see Arndt and Reines 2015). Interestingly, the un-
derlying molecular mechanisms of transcription termina-
tion carried out by these two complexes are quite distinct.
NNS uses the Senl helicase to pull the nascent transcript
out of the RNAPII active site, while Integrator likely pro-
motes termination by taking advantage of its RNA endo-
nuclease activity and providing an entry site for a 5'-3’
exonuclease (Connelly and Manley 1988; Eaton et al.
2018). There is currently conflicting data on whether the
canonical “torpedo” exonuclease Ratl/Xrn2 is involved
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in termination at snRNA genes as only subtle termination
defects have been observed at these loci when Ratl/Xrn2
is depleted from cells (O’Reilly et al. 2014; Fong et al.
2015; Eaton et al. 2018). Notably, Cpsf73 has been shown
to behave as both an endonuclease and exonuclease
(Yang et al. 2009), raising the possibility that IntS11 could
support a “Ratl/Xrn2-like” function and mediate termi-
nation. Future studies that compare and contrast the
Integrator and NNS complexes, especially how their re-
cruitment and termination activities are controlled, will
shed light on this important facet of gene regulation. In
summary, transcription attenuation through premature
termination was first described decades ago in bacteria
(for review, see Naville and Gautheret 2010), and our
work indicates that the metazoan Integrator complex
can function analogously to limit expression from pro-
tein-coding genes.

Materials and methods

Drosophila cell culture and plasmid transfections

Drosophila DL1 cells were cultured at 25°C in Schneider’s
Drosophila medium (Thermo Fisher Scientific 21720024), sup-
plemented with 10% (v/v) fetal bovine serum (HyClone
SH30910.03), 1% (v/v) penicillin-streptomycin (Thermo Fisher
Scientific 15140122), and 1% (v/v) L-glutamine (Thermo Fisher
Scientific 35050061). Drosophila S2 cells were cultured at 25°C
in SFX-Insect (HyClone SH30278.01).

To generate eGFP and nLuc reporter plasmids, the indicated
sequences were inserted into pMtnA eGFP SV40 (Kramer et al.
2015). To generate Integrator expression plasmids, each Droso-
phila cDNA was cloned into a previously described pUB-3xFlag
vector (Chen et al. 2012). Cloning details for all constructs and
how they were transfected using Effectene (Qiagen 301427) or
Fugene HD (Promega E2311) are provided in the Supplemental
Material.

Genome-scale RNAi screen

Double-stranded RNAs (250 ng/well) were pre-spotted in 384-
well plates (Ambion AM8500). DL1 cells stably maintaining
“pMtnA eGFP MALAT1” were grown for one passage in the ab-
sence of hygromycin B. A total of 15,000 cells were then seeded
in each well of the 384-well plates in 10 pL of serum-free
Schneider’s Drosophila media. After 1 h, complete media (with
serum) was added (20 pL/well). Cells were grown for 3 d and
then treated with 10 uL of media containing CuSO, (500 nM final
concentration, Fisher BioReagents BP346-500) for 6 h. Cells were
fixed (5% formaldehyde, Fisher BioReagents BP531-500) and
stained with Hoechst 33342 (Sigma B2261) to visualize nuclei.
Four images per well (eGFP and Hoechst 33342 staining) were
captured at 20x magnification using an automated microscope
(ImageXpress Micro, Molecular Devices) and analyzed using
MetaXpress software. “Mean stain integrated intensity” of eGFP
and “total cell number” were calculated for each image, and the
median and interquartile ranges (IQR) were used to calculate a
z-score for each plate: (Mean stain integrated intensity-median)/
(IQR*74). Wells with robust Z-scores >1.3 or <—1.3 were consid-
ered hits and Gene Ontology (GO) analysis was performed using
Database for Annotation, Visualization, and Integrated Discovery
(DAVID), v6.8 (https://david.ncifcrf.gov/home.jsp) with standard
parameters.

Integrator cleavage attenuates transcription

RNAi

Double-stranded RNAs (dsRNAs) from the DRSC (Drosophila
RNAI Screening Center) were generated by in vitro transcription
(MEGAscript kit, Thermo Fisher Scientific AMB13345) of PCR
templates containing the T7 promoter sequence on both ends.
Primer sequences are provided in Supplemental Table S4. Com-
plete details of how cells were seeded, transfected (if applicable),
and processed are provided in the Supplemental Material.

Analysis of RNA expression

Total RNA was isolated using TRIzol (Thermo Fisher Scientific
15596018) as per the manufacturer’s instructions. To detect
full-length mature mRNAs, northern blots using NorthernMax
reagents (Thermo Fisher Scientific) and oligonucleotide probes
were performed as previously described (Tatomer et al. 2017).
Small RNAs were separated by 8% denaturing polyacrylamide
gel electrophoresis (National Diagnostics EC-833) and electro-
blotted/UV crosslinked to Hybond N+ membrane (GE Healthcare
RPN303B). ULTRAhyb-oligo hybridization Buffer (Thermo Fish-
er Scientific AM8663) was used as per the manufacturer’s instruc-
tions. All oligonucleotide probe sequences are provided in
Supplemental Table S4. Blots were viewed and quantified with
the Typhoon 9500 scanner (GE Healthcare) and quantified using
ImageQuant (GE Healthcare).

For analysis of transcript levels by RT-qPCR, cDNA was reversed
transcribed from total RNA using TagMan Reverse Transcription
Reagents (Thermo Fisher Scientific N8080234) according to the
manufacturer’s instructions. Random hexamers were used, except
for Supplemental Figure S5A where oligo(dT) primer was used.
RT-qPCR was then carried out in triplicate using Power SYBR
Green Master Mix (Thermo Fisher Scientific 4367659). All RT-
qPCR primers are provided in Supplemental Table S4.

The 5’ cap status of the MtnA small RNAs was characterized
using Cap-Clip Acid Pyrophosphatase (CellScript C-CC15011H)
and Terminator 5'-phosphate-dependent exonuclease (Lucigen
TER51020). Ligation-mediated RACE was used to determine
the 3’ ends of the MtnA small RNAs and full details are provided
in the Supplemental Material.

Analysis of protein expression

Protein levels were measured using standard western blotting or
immunofluorescence protocols and the details are provided in the
Supplemental Material. Antibodies used and their conditions are
provided in Supplemental Table S5.

Chromatin immunoprecipitation

ChIP-gPCR was performed as described in the Supplemental
Material. Antibodies used and their conditions are provided in
Supplemental Table S5. Primers used are provided in Supplemen-
tal Table S4.

IP/Mass spectrometry analysis

Nuclear extracts were prepared from S2 cell lines stably express-
ing Flag-IntS1, Flag-IntS5, and naive S2 cells as a negative control.
Purifications were conducted using ~10 mg of nuclear extract (2
mL). Details for Flag affinity purification, sample digestion,
nanoLC MS/MS analysis and database searching are provide in
the Supplemental Material.
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RNA-seq

DL1 cells were treated for 3 d with a control (Bgal) dsSRNA or
a dsRNA to deplete IntS9. CuSO, was added for the last 14 h.
Total RNA was isolated from three biological replicates and 1
ug of each was treated with DNase I (Qiagen 79254) and purified
(RNeasy MinElute Cleanup Kit, Qiagen 74204). RNA quality was
confirmed with a TapeStation (Agilent). RNA-seq libraries were
generated using the TruSeq Stranded Total RNA preparation kit
(Mlumina RS-122-2302) and sequenced using a single-end 75 bp
cycle run on an Illumina NextSeq 500. Details for how reads
were mapped and analyzed are provided in the Supplemental Ma-
terial. All RNA-seq data sets generated in this study are available
for download from GEO (GSE136150). Data can also be viewed on
the UCSC browser using the following link: https://genome.ucsc
.edu/s/meishengxiao/dm6_DL1_Bgal_IntS9_WiluszLab_Upenn.

Quantification and statistical analysis

For northern blots, RT-qPCRs, and automated microscopy exper-
iments, statistical significance for comparisons of means was as-
sessed by Student’s t-test. Unless otherwise indicated, the
comparison was to the control (Bgal dsRNA) treated samples.
Statistical details and error bars are defined in each figure legend.
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